The applied magnetic field and temperature phase diagram of the archetypal frustrated magnet, Gd 3 Ga 5 O 12 , has been reinvestigated using single crystal magnetometry and polarised neutron diffraction. The updated phase diagram is substantially more complicated than previously reported and can be understood in terms of competing interactions with loops of spins, trimers and decagons, in addition to competition and interplay between antiferromagnetic, incommensurate and ferromagnetic order. Several additional distinct phase boundaries are presented. The phase diagram centers around a multiphase convergence to a single point at 0.9 T and ∼ 0.35 K, below which, in temperature, a very narrow magnetically disordered region exists. These data illustrate the richness and diversity that arises from frustrated exchange on the 3 dimensional hyperkagome lattice.
I. INTRODUCTION
Frustration is ubiquitous in nature and drives the physical behaviour in materials ranging from liquid crystals and polymers to compounds with localised magnetic moments [1] [2] [3] [4] . The study of magnetic frustration, in particular, is proving very fruitful in the development of a more general understanding of frustrated phenomena. Magnetic frustration is governed by the connectivity of the many degenerate spin configurations in its ground state manifold with geometric frustration borne out of the crystal structure topology. The multiplicity of ground states at the lowest temperatures, T → 0 K, can lead to persistent dynamic magnetic spins 5 , a most exotic state.
The rare earth garnet Gd 3 Ga 5 O 12 (GGG) is unique since it offers a rare opportunity to study frustration on a double hyperkagome structure, a 3D kagome lattice of interconnected triangles. GGG is regarded as the archetypal frustrated compound since, unlike its many counterparts, it does not revert to an ordered state via an "order by disorder" transition 6 .
Indeed there is no sign of long range order in GGG down to 0.025 K despite a Curie-Weiss temperature of θ CW ∼ -2 K 7,8 indicating strongly frustrated antiferromagnetic (AF)
correlations. In contrast, the rare earth counterparts Dy 3 Ga 5 O 12 and Ho 3 Ga 5 O 12 order at relatively high temperatures thereby highlighting the unique nature of the magnetic exchange interactions in GGG 7 .
These correlations are understood to result from the long range nature of the dipole exchange interactions perturbed by the very weak exchange interactions, J 2 and J 3 11 , and may give rise to a quantum protectorate of ten ion spin clusters 15 .
The first (H, T) phase diagram of GGG indicated a AF dome with strong anisotropy such that applying the field along the [1 0 0] creates an AF dome for T < 0.4 and 0.85 < µ 0 H < 1.8 T while applying the field along [1 1 1] results in an AF dome for T < 0.3 K and 0.9 < µ 0 H < 1.4 T 9 . The anisotropy of the phase diagram was further probed via magnetic susceptibility, specific heat and single crystal neutron scattering 16, 17 and revealed that the phase diagram is much more complex than previously reported. The boundary between the disordered region above the spin glass phase and the long ranged AF dome showed considerable similarities with the melting curve of 4 He indicating unusual magnetic behaviour in this region 18 . In contrast, muon spin relaxation and Mössbauer spectroscopy indicate a temperature spin relaxation indicative of slow spin fluctuations down to 0.025 K and up to 1.8 T [19] [20] [21] . The contradiction between a long range ordered and dynamic magnetic state can be understood in terms of the time scales probed by the various techniques such
that the system appears paramagnetic on the fast timescale of the muon but looks static within the energy resolution of the neutron. This has been observed in the frustrated magnet Tb 2 Ti 2 O 7 for which it was shown that there were many length and timescales to consider 22 .
This study revisits the temperature and field dependent behaviour of GGG through macroscopic magnetic measurements of both powdered and single crystal samples and a polarised neutron scattering study of a powdered sample. In this study the field is applied 
B. Phase diagram via magnetization measurements
Low field magnetization measurements were performed by cooling down the sample from 4.2 K to 0.08 K in an applied field of 10 mT. The susceptibility χ (= M/H in low fields for which the magnetization is linear in field) as a function of temperature is shown in Fig. 1 . The inset of Fig. 1 shows a monotonic decay of the inverse susceptibility with decreasing temperature. A linear behaviour is observed down to 1.5 K and assumes a Curie-Weiss law between 1.5 and 4.2 K that provides a Curie constant of 8.13 emu/mol.K, consistent with the Gd 3+ spin moment, S = 7/2. The obtained Curie-Weiss temperature θ is -1.97 K in agreement with previous results 8, 17 . Below 1 K, the plot deviates from the linear behaviour suggesting the development of correlations between the spins. In Fig.2 isothermal magnetization measurements shows saturation around M sat = 7 µ B /Gd. Above 2 K, no anomaly is seen in the magnetization curves.
A more complex behavior occurs below 1 K. To analyse the M (H) curves as a function of temperature, dM/dH is plotted as a function of the applied field, see heat capacity and susceptibility measurements. Fig. 3 shows the main features with a broad maximum for H ∼ 1 T that develops below 1 K. It has previously been assigned to the quenching of the AF short range order (SRO). There is no significant change in the position or the width of this broad feature with decreasing temperature. Three well-defined freezing was also observed in our ac susceptibility measurements. Above 50 mK, this ZFC-FC irreversibility disappears. In the following we focus on larger applied fields to further explore the phase diagram in comparison with our M versus H measurements. An updated phase diagram can be constructed from these measurements and is shown in Ref. [17] Neutron diffraction 
III. NEUTRON DIFFRACTION
This study focusses on the regions of the phase diagram encompassing 0.175 < T < 3 K (µ 0 H = 0 T) and 0.06 < T < 3 K ( 0 < µ 0 H < 2 T). The unusual scattering observed for T < 0.14 K in zero field with longer ranged order superposed on short range correlations is not considered. Neutron scattering corroborates the complicated phase diagram shown in All data are corrected for background contributions by subtracting the scattering from an empty sample can under equivalent conditions. The D7 data set is integrated in energy.
Nevertheless the data sets from D7 and IN5 can be compared since previous work show that the majority of the scattering is elastic (82%) and the features of interest for this study lie solely in the elastic line 24, 26 . This is discussed further in the appendix.
B. Ambient field behaviour
Region A, depicted in the phase diagram of Short range magnetic correlations in a powder sample scatter according to the expression
where S 0 and S n are the spin magnitudes of the central atom and the n th shell atom, R n and N n are the radii and coordination numbers of the n th nearest neighbor shell respectively 28 and F (Q) is the magnetic formfactor 29, 30 . Fig. 6(a) shows the expected magnetic scattering profile for short range order, using eqn. 1, in comparison to the magnetic scattering profile measured at T = 0.25 K (0 T). Interestingly, the short range order profile does not reproduce all the features expected, in particular, the broad feature centered on Q = 1.8Å −1 . In order to reproduce scattering at Q = 1.8Å magnetic exchange between ten ion spin clusters is considered.
In recent years there has been much excitement surrounding emergent behaviour in geometrically complex materials. The kagome lattice has provided such an emergent structure in the form of correlated hexagon loops of spins 31 . It has been suggested that the first and second order zero energy modes on the hyperkagome structure are dynamic loops of spins that include triangular loops of spins, trimers, and ten ion spin clusters, decagons [32] [33] [34] . The interpretation from recent optical hole-burning experiments supports the existence of ten ion spin clusters in the low temperature spin glass phase of GGG 15 . Fig. 6 The models show that using a combination of near neighbour and exchange between ten spin ion clusters can explain some experimental features. First, around Q ∼ 0.3Å −1 there is a weak feature consistent with the position of the first peak of the ten ion spin cluster, see inset Fig. 6(a) . Second, the main peak of the near neighbor model is found at the same position as the main peak in the data, however this peak is strongly asymmetric and this can be ascribed to scattering from ten ion spin clusters which provides two features either side of the main peak position, see dashed lines in Fig. 6(a) . Thirdly, a strong scattering feature at 1.8Å −1 in the ten ion spin cluster model is consistent with the data. Interestingly, the magnetic correlation length ξ = 2π/∆Q of the SRO peak at 1. C. Magnetic behaviour under applied magnetic fields.
Field dependence (T = 0.05 K)
An overview of the field dependence of the magnetic scattering is shown in Fig. 7 and reveals great complexity. 
